Organic LEDs (OLEDs) are an interesting and promising new display technology. They provide a number of major technology enhancements for displays and televisions, such as high contrast ratio, wide viewing angle, and very fast response time. Nevertheless, like other display technologies, OLEDs require very good manufacturing control to achieve optimized and homogeneous emissive properties. 1, 2 For instance, the multilayer structure of OLEDs can cause color shifts that depend on the viewing angle, and in some cases inhomogeneity of the active layers within the display can also produce local color 'mura' (Japanese for 'unevenness') defects. Local intensity fluctuations produce a kind of blurring for the observer. Long-range color fluctuations can produce uneven color, more visible on large television displays than on smartphone screens.
Figure 1. EZContrastMS viewing angle instrument (left) and UMasterMS imaging instrument (right) developed by ELDIM.
We measured the angular and spectral emission of red, green, and blue states at the center of the cellphone display. Near each color's maximum radiance, spherically symmetric fringes appear on the angular spectral radiance patterns, and we can calculate the resulting color shifts. The amplitude and angular position of these fringes depends on the subpixel type. When averaged over all the azimuths (incident angles from the normal to the surface), the interference fringes appear very clearly (see Figure 2 ). This set of large interference fringes with strong modulation appears for all OLED displays and corresponds to a structure of micron-thick layers. Nevertheless, a detailed knowledge of the OLED structure is necessary to extract precise structural information from these measurements.
To check whether these color angular variations are visible to the human eye, we considered the variations of color coordinates in the CIE 1931 (a way of plotting color composition) xy chromatic plane (see Figure 3) . Compared to the 'MacAdam' ellipses (which give an idea of human eye sensitivity at the different locations of the plane), it is clear that these angular variations are easily discernible for all three subpixel types.
To analyze the spectral measurements more precisely, we can adjust the emission peaks using a double Gaussian model, taking into account the peak intensities, the peak wavelengths, and the spectral bandwidths. 5 This adjustment is a way to emphasize the interference fringe pattern and obtain physical parameters. 
Continued on next page

. Color behavior in the CIE 1931 (a color composition standard) chromatic plane for polymer-OLED displays: MacAdam ellipses (which give an idea of human eye sensitivity to color) are also reported (size multiplied by 10).
We applied the fitting procedure to all the viewing angles. Figure 4 reports wavelength position and band-pass results for the red state in the Fourier (angular) plane. The center is for normal incidence, and the different circles represent different incident angles. In addition to the interference fringes reported above, both wavelength and band pass (or full width at half-height of a Gaussian peak) exhibit a complex fringe pattern similar to a polarization pattern produced by birefrigent layers and probably due to the top layer structure.
We performed two types of spectral imaging measurements. First, we measured the entire surface of the display using 8 ı angular aperture imaging optics. The emission was analyzed using 234 D 18 13 spots regularly distributed across the entire display surface and adjusted with the same double Gaussian model as previously. 5 Figure 5 (right) shows the homogeneity of the main spectral emission wavelengths at 455, 530, and 610nm. A small gradient of wavelength and radiance is detected along the main size of the display for green and red states. There is no clear gradient for the blue state, but the wavelength variations are significant. Second, we measured the display emission at subpixel level near the center of the screen using high-spatial-resolution optics on 140 (D 14 10) neighboring subpixels. Figure 5 shows the homogeneity of the main spectral emission wavelengths at 455, 530, and 610nm using the same scales as the full frame measurements. Clearly, local wavelength fluctuations are much smaller than the variations across the entire display. In fact, the main intensity fluctuations can be quantified by the maximum of the main Gaussian peak obtained by the regression. There was no spectral fluctuation. To check the impact of these imperfections, it is useful to compute the different types of color fluctuations as E values in the CIE 1976 color plotting system. The different E values for the angular and imaging measurements are shown in Table 1 .
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In summary, we have found that for smartphone OLED screens, angular shifts above 30 ı can be discerned by the human eye for all subpixels, and long-range deviations are discernible for green and red states. Local fluctuations are negligible except for blue subpixels, where the imperfections are discernible, producing a kind of blurring for the observer. We are currently considering long-range color fluctuations, which can produce local mura defects that are easily observed, especially on large television displays. We have made similar measurements of spectral emission from OLED televisions and are currently analyzing them.
